Abstract. The present work deals with the effect of conductive carbon black (Ensaco 350G) on the physico-mechanical and electrical properties of chlorosulfonated polyethylene (CSM) rubber vulcanizates. The physico-mechanical properties like tensile strength, tear strength, elongation at break, compression set, hardness and abrasion resistance have been studied before and after heat ageing. Up to 30 parts per hundred rubber (phr) filler loading both tensile and tear strength increases beyond which it shows a decreasing trend whereas modulus gradually increases with the filler loading. Incorporation of carbon black increases the hysteresis loss of filled vulcanizates compared to gum vulcanizates. Unlike gum vulcanizate, in filled vulcanizates the rate of relaxation shows increasing trend. The bound rubber content is found to increase with increase in filler loading. Dielectric relaxation spectra were used to study the relaxation behavior as a function of frequency (100 to 10 6 Hz) at room temperature. Variation in real and imaginary parts of electric modulus has been explained on the basis of interfacial polarization of fillers in the polymer medium. The percolation limit of the conductive black as studied by ac conductivity measurements has also been reported.
Introduction
Electrically conductive CSM composites are widely used in electronic sectors in power distribution, audio, and telephone application, as packaging and semi conductive polymeric materials due to their good weather resistance, good electrical properties and good ageing resistance. The systematic study of the CSM rubber particularly filled with highly conductive carbon black has not received much attention till today. Literature study reveals that very few research works dealing with CSM rubber have been reported [1] [2] [3] [4] . The preparation of electrically conductive polymer composites filled with conductive fillers has already been reported by several researchers [5] [6] [7] . The relation between electrical and mechanical properties of conductive polymer composites [8] has also been subject of recent research. Very recently electrical relaxation dynamics in polymer matrix-ceramic composites has been reported by Psarras et al. [9, 10] . The incorporation of filler in to a rubber for instance CSM, not only enhances the mechanical properties of the final product but also decreases the cost of the end product. The reinforcement of an elastomer by filler is associated with a strong interaction between a rigid phase and a soft solid phase, which may be of physical or chemical type. However the nature of interaction and the significance of carbon black surface chemistry for reinforcement of polar rubbers have not been reported in the literature. It is widely accepted that the surface area and the concentration of functional groups present on the surface of filler plays an important role towards the degree of reinforcement. It has been reported earlier that CSM has a great affinity towards polar sites on carbon black surface [11, 12] . The crosslink density is also influenced by the structure and surface chemistry of carbon black [13, 14] . Present study uses a newly generated highly conductive carbon black (Ensaco 350G) having very high surface area and exhibiting very high conductivity. In this work the cure characteristics, physico-mechanical properties, bound rubber measurement and electrical properties of conductive black reinforced rubber compound having an accelerated sulfur cure system have been studied. The elastomer filler interactions are often characterized by the content of apparent 'bound rubber' which is determined as the amount of insoluble part of rubber matrix adhering to the dispersed carbon black aggregates before vulcanization. The bound rubber depends upon characteristics such as surface area, structure, morphology and surface activity of filler. With respect to the polymer, the chemical structure (saturated or unsaturated and polar or non polar) also affects the bound rubber content. Though the bound rubber is a parameter that is simple to measure but the factors that influence test results are complicated. The polymer filler interaction leading to formation of bound rubber involves physical adsorption, chemisorptions and mechanical interaction. In the present work the variation of bound rubber content with variation of filler loading has been studied taking three different solvents such as toluene, tetrahydrofuran (THF) and chloroform. The relaxation behavior of CSM vulcanizates has been studied as a function of frequency (100 to 10 6 Hz). Electric modulus formalism has been used to study the dielectric characteristics of the rubber vulcanizates. Percolation limit of the filler as obtained from the ac conductivity study has also been reported.
Experimental

Materials
Details of the compositions of the mixes are given in Table 1 . CSM rubber ((Hypalon-40), 35% chlorine content, Mooney viscosity ML 1+4 at 100°C = 56)) manufactured by DuPont Limited, Delaware, USA, was used. The conductive filler used in this study was highly conductive carbon black, Ensaco 350G having a Brunauer-Emmett-Teller (BET) nitrogen surface area, 770 m 2 /g, pH-8, manufactured by Timcal Corporation, Belgium. The plasticizer used was dioctyl phthalate (DOP), pharmaceutical grade processing oil with B.P 340°C, supplied by C.D. Pharmaceuticals, Calcutta, India. Magnesium oxide was of analytical grade, with a specific gravity of 3.8 g/cm 3 , which was supplied by E. Merck Limited, Bombay, India. Sulfur of chemically pure grade, with a specific gravity of 1.9 g/cm 3 was supplied by M/S Nice chemicals Private limited Cochin, India. Dibenzothiazyldisulfide (MBTS), diphenyl-guanidine (DPG) and dipentamethylenethiuram tetrasulfide (Tetrone-A) were supplied by M/S ICI limited, Hoogly, India which were used as curatives. Other compounding ingredients used were procured locally.
Sample preparation
The mixing was carried out in a two roll mixing mill (325 mm×150 mm) at a friction ratio of 1: 1.19 according to ASTM D 3182 standards with careful control of temperature, nip gap, mixing time and uniform cutting operation. The curing characteristics of the compounds were determined by Monsanto Rheometer (R-100) according to ASTM D 2084 and ASTM D 5289 procedures. After mixing, moulding was done in an electrically heated hydraulic press having (300 mm×300 mm) platens at 150°C at a pressure of 4.0 MPa. Vulcanization was done to optimum cure (90% of the maximum cure) using different molding conditions determined from torque data obtained from Monsanto Rheometer. The test specimens were punched out from test sheets. 
Chemical test methods
The resistance to solvent was obtained by swelling test. The volume fraction of rubber (V r ) in the vulcanizate was determined by equilibrium swelling in toluene, using the method reported by Ellis and Welding [15] . The relationship used for calculating V r is represented by Equation (1): (1) where T is the weight of the test specimen, F is the weight fraction of the insoluble components in the sample, D is the de-swollen weight of the test specimen, A 0 is the weight of absorbed solvent, corrected for swelling increment, ρ r is the density of the rubber. The number of effective network chains per unit volume of rubber is denoted as υ which was calculated using Flory-Rehner equation (Equation (2)) [16, 17] :
where υ is the number of effective network chains per unit volume of rubber, V s is the molar volume of the solvent and μ is the polymer-solvent interaction parameter (Flory-Huggins's interaction parameter), which was found to be 0.401 [18] .
Bound rubber measurement
The contents of bound rubber (BdR) were determined by extracting the unbound materials such as the ingredients and free rubber with three different solvents for seven days followed by drying for two days at room temperature. The weights of the samples before and after extraction were measured, and the BdR contents were calculated using the Equation (3):
where BdR is the bound rubber content; w fg the weight of filler and gel, w t the weight of the sample, m f the weight fraction of the filler in the compound and m r the weight fraction of the rubber in the compound.
Dielectric relaxation spectra
The dielectric and electrical properties of the conductive black reinforced CSM vulcanizates were obtained using a computer-controlled impedance analyzer (PSM 1735) on application of an alternating electric field across the sample cell with a blocking electrode (aluminum foil) in the frequency range of 10 2 -10 6 Hz at room temperatures. The test cell comprises of two electrodes and a voltage of 30 mV (V rms ) was applied across the cell. The parameters like dielectric permittivity (ε′) and dielectric loss tangent (tanδ) were obtained as a function of frequency. The ac conductivity (σ ac ) was calculated from the dielectric data using the relation given in Equation (4): where ω is equal to 2πf (f is the frequency) and ε 0 is vacuum permittivity and ε′ dielectric permittivity which is determined according to Equation (5): (5) where C p is the observed capacitance of the sample (in parallel mode) and C 0 is the capacitance of the cell. The value of C 0 is calculated using the expression (ε 0 A)/d, where A and d are the area and thickness of the sample respectively.
Results and discussion
Rheometric characteristics
The Rheometric characteristics of the unfilled and conductive carbon black filled CSM vulcanizates are given in Table 2 . The respective Monsanto rheographs are shown in Figure 1 . From the table it is observed that with increase in filler loading both minimum and maximum torque increases. This may be due to increase in crosslink density with increase in filler loading [19] . With incorporation of filler cure rate (slope of cure curve) gradually increases and scorch safety (time to scorch) decreases [20, 21] . The optimum cure time decreases with increase in filler loading.
Physico-mechanical properties
The Physico-Mechanical properties of CSM vulcanizates reinforced with conductive carbon black (Ensaco 350G) at different filler loading have been determined. From Table 3 it can be observed that tensile strength, tear strength and modulus increases up to 30 phr filler loading beyond which tensile strength and tear strength decreases but modulus increases. Since modulus is a function of crosslink density it increases with increase in num- The higher the filler loading the more is the reinforcement and the more crosslinks are formed during vulcanization, thereby trapping the free ends of polymer chains. As the degree of crosslinking increases, the hardness progressively increases. The more compact the networks, the shorter are the molecular segments between the crosslinks and hence the tighter is the network, which causes increase in hardness [22] . Very high value of hardness is due to highly reinforcing conductive black having very high surface area. Compression set property is also a function of crosslink density, which increases with increase in crosslink density. Very good abrasion resistance may be due to chemically bound flexible chains with the carbon black, which provide a coupling action between carbon black surface and rubber molecules thus retarding the polymer to be abraded out from the surface. With increase in filler loading the bound rubber value increases which decreases the abrasion loss gradually. Above 30 phr filler loading decrease in tensile strength and tear strength is observed which may be due to agglomeration of filler particles at the highest filler loading. At lower filler loading cross-linking density decreases which may also cause increase in elongation at break whereas at higher filler loading cross linking density and viscosity both increases which causes decrease in elongation at break. Like tensile strength, tear strength also increases up to 30 phr but at 40 phr it decreases. This may be due to increase in crosslinking density at higher filler loading. It may be concluded that around 30 phr of Ensaco 350G is optimum filler loading for hypalon 40. The hysteresis loss values of different vulcanization at 100% elongation are given in Table 4 . Figure 2 shows the plot of hysteresis loss of unfilled and filled vulcanizates. The result exhibits that the incorporation of Ensaco 350G filler causes an increase in the hysteresis loss. The low hysteresis loss of gum vulcanizates can be attributed to low energy absorption characteristics of the rubber matrix, which can act as an elastic body and is incapable of dissipating energy. The stress relaxation behavior of CSM vulcanizates is determined by stretching the samples at constant strain level of 100%. Figure 3 shows [23] . CSM rubber having no unsaturation sites possesses excellent resistance to heat, weather, ozone and chemicals. Enhancement of tensile strength after ageing in all cases may be due to post vulcanization. It can be clearly observed that crosslink density gradually increases on ageing for 72 hrs.
Since CSM rubber has no reactive sites prone to oxygen attack it shows very good resistance to heat ageing. It has been observed that as the cure progresses tensile strength, hardness increases while compression set, elongation at break decrease. The significant increase in tear strength after ageing for 72 hrs is expected to be related to the formation of excessive cross-linked structure, which may be due to post curing effect. Increase in hardness value after aging may be due to increase in crosslink density, which agreed well with the increase in 100, 200, and 300% modulus after thermo-oxidative ageing process. Compared to gum vulcanizate in filled vulcanizates the increase in tensile strength after ageing is not so much pronounced which may be due to increase in inelastic nature of the rubber matrix. In case of higher filler loading the tensile strength after ageing remains almost same.
Bound rubber
Bound rubber can be defined as the rubber portion of uncured compound, which cannot be extracted by a good solvent due to adsorption of rubber molecules on to the filler surface. Bound rubber measurement plays an important role in determination of surface activity of the filler and the degree of reinforcement. It is widely accepted that the formation of bound rubber in a compound involves physical adsorption, chemisorption and mechanical interaction of which chemisorption is considered as the crucial one. The adsorption of polymer molecules onto the filler surface leads to two phenomena, which are: the formation of bound rubber and a rubber shell on the filler surface. Many studies have been carried out on the mechanisms and factors affecting the formation of bound rubber [24] [25] [26] [27] [28] [29] [30] . The physico-chemical characteristics of the filler surface and filler morphology has a profound effect on the bound rubber content in a compound. The variation of bound rubber content with filler loading has been studied with three different solvents like toluene, tetrahydrofuran (THF), and chloroform. Figure 4 shows the variation of the bound rubber content with the filler loading for CSM vulcanizates. Irrespective of the nature of solvent bound rubber content increased with filler loading which may be due to increase in degree of reinforcement. The high percentage of BdR content is attributed to high surface area, high structure and high concentration of oxygen containing surface functional groups. With increase in the structure of conductive carbon black the breakdown of the aggregates during mixing is greater which results in an increase in filler-polymer interface. High bound rubber values in sulfur added compounds have been reported earlier by Gessler [31] . During mixing of rubber and carbon black, free radicals are generated which results in instantaneous interactions between carbon black and the rubber chain end. Gessler explained the phenomenon of forma- 
Effect of solvents
The nature of the extracting solvent is important in bound rubber formation. For bound rubber measurement the uncured rubber compound is exposed to a solvent capable of totally extracting the polymer in the absence of any polymer-filler bonding. These solvents for polymers may or may not interact with conductive carbon black. The solvents, which are poorly interacting with conductive carbon black, cannot disrupt the filler network to release the trapped polymer chain [33] . In regard to interaction with black, tetrahydrofuran (THF) is found to be the best solvent, followed by chloroform and toluene. Bound rubber content decreases with increasing solvation of carbon black. Solvents with more interaction with the polymer tend to show lower bound rubber value.
Dielectric relaxation spectra
One of the most valuable tools for characterizing the relaxation behavior of polymer composites is dielectric relaxation spectroscopy (DRS). Dielectric spectroscopy is a useful complement to the most customary mechanical methods of probing the viscoelastic properties of polymers. Though there have been many studies on the dielectric relaxation behavior of conductive black reinforced rubber vulcanizates [34] but it has never been reported in CSM rubber vulcanizates. Dielectric spectroscopy offers advantages to study the high frequency dynamics of polymers. Dielectric spectra reflect the same chain motions as the mechanical modulus; however it has reduced interference due to symmetry from shorter time process making it more accurate than the traditional dynamic mechanical analysis [35] . The 'electric modulus' formalism first introduced by McCrum et al. [36] and extensively used for the investigation of relaxation phenomena in polymer composites by Tsangaris et al. [37, 38] can be defined as the inverse quantity of complex permittivity and is given by the following expression (Equation (6)):
where M * is the complex electric modulus, M′ is the real and M″ is the imaginary part of electric modulus, ε′ and ε″ are the real and imaginary parts of permittivity. M * characterizes the dynamic aspects of the charge motion in conductors in terms of relaxation in an electric field [39] . Figure 5 shows the variation of the real part of the electric modulus as a function of frequency in conductive carbon black loaded CSM vulcanizates. From the figure it can be observed that irrespective of the amount of filler in the composite, the value of M′ is nearly zero at low frequencies indicating that the electrode polarization gives a negligibly low contribution to M′ and can be ignored [40] . After this initial low value, M′ increases steeply in the range of 10 3 -10 5 Hz for all
Nanda and Tripathy -eXPRESS Polymer Letters Vol. 2, No.12 (2008) 855-865 filler loadings. From the figure it can be observed that with increasing filler loadings there is an increase in modulus values up to 30 phr beyond which it decreases. This may be due to agglomeration of filler particles in the polymer matrix. The increase in real part of the electric modulus with filler loading can be explained on the basis of the viscoelastic properties of cross linked multiphase polymeric materials, which depend upon molecular relaxation processes and the morphology of the composites. Although these relaxations can usually be associated with each component, their appearance depends upon the chemical and physical interactions between the phases (filler and polymer matrix). Conductive carbon black like Ensaco 350G shows high interaction with the polymer matrix, because of their high surface activity, thereby leading to the formation of a weak interphase compared to other carbon blacks. The thickness of the interphase is inversely proportional to the interfacial tension between the polymeric phases. The interphase formed between the filler and the polymer matrix has distinct properties that differ from the bulk. A polymer layer having higher stiffness than the bulk polymer in the vicinity of the dispersed phase surface is created from restricted molecular mobility that is attributable to interactions between phases. Figure 6 shows the variation of the imaginary parts of the modulus as a function of frequency at increasing filler loadings. It can be observed that with increase in filler loading, M″ peaks in general exhibit increasing peak heights and peak maximum shifts to higher frequencies. Figure 7 it can be clearly observed that with increasing filler loadings the semicircle nature of the peak is reducing and at higher filler loadings the semi-circle become more skewed which can be explained on the basis of interfacial polarization. The filler particles are electrically charged by fixed or adsorbed ions or polar molecules and are surrounded by small countercharges (probably of the polymer matrix), forming an electrical double layer. The resulting medium frequency relaxation is caused primarily by interfacial polarization due to the build-up of charges on boundaries and interfaces between materials with very different electrical properties [41] . Imposition of an external AC field causes polarization of large colloidal particles and creates perturbation in a miniature double layer on each particle, which then behaves like a macro-ion [42] . Under the influence of an external electric field, the counter-ions become redistributed along the surface of a filler particle, and the double layer becomes deformed and polarized, leading to interfacial polarization and the resulting relaxation or dispersion.
Percolation
Many studies have been done on the percolation phenomenon in carbon black reinforced polymer composites. But no research work related to percolation phenomenon in CSM vulcanizates has been reported so far. Figure 8 shows the effect of filler loading on the conductivity of Ensaco 350G reinforced vulcanizates at 10 6 Hz. At low levels of filler loading the conductivity of the composite is slightly higher than that of the base polymer as the filler particles are isolated from each other by the insulating polymer matrix. As the filler loading is increased, mutual contacts between the filler particles are developed and at a critical loading of the filler a sharp increase in conductivity is observed, indicating the 'percolation limit'. Depending upon the type of filler, the occurrence of percolation varies. In Ensaco 350G reinforced CSM vulcanizates the percolation region is occurring at 30 phr loading of the filler. According to Medalia [43] percolation is due to the tunneling of electrons and the conductivity is controlled by the gaps between the carbon black aggregates. Many questions regarding the actual mechanism of conduction through such heterogeneous materials are still prevalent. Interpretation of dielectric and conductivity performance of such materials has been analyzed through percolation theory [44] . According to Das et al.
[45] the variation of conductivity with filler loading can be divided into three regions (Figure 8 ). In region I the 'inductive region', a small increase in conductivity of the composite with increasing filler loading can be attributed to the transportation of the small number of charged particles through the system without having any continuous conductive path. Region II is referred as 'percolation region' where conductivity increases sharply due to a continuous conductive path developed in the polymer matrix. In region III, further addition of filler has marginal effect on conductivity. Carbon blacks are widely used as reinforcing agent in elastomers because of their high surface to mass ratio, molecular-scale forces, and their interactions with the polymer matrix. Due to van der Waals forces, flocculation of carbon black particulates in the polymer matrix occurs which results in the formation of secondary structures whereas electrostatic charges or steric effects lead to a stabilization of the dispersion. The percolation phenomenon may be of lattice percolation or continuum percolation. This involves two processes: randomly adding or removing particles from a simple lattice space till an infinite cluster is not formed. It has been recognized that the conductivity of polymer composites not only depends on the geometry of filler particles but also on the processing of the materials [46] . Due to high surface activity of conductive black (Ensaco 350G) and high surface area, agglomeration of the filler particles occurs in the polymer matrix, which results in the formation of clusters.
Conclusions
Irrespective of the solvent the bound rubber contents increase with increase in the carbon black content. Very high value of bound rubber is due to high reinforcement obtained due to high structure and high surface area of conductive black. Both maximum and minimum Rheometric torque increase with increase in filler loading which may be due to increase in viscosity. Cure rate and scorch rate increase with increase in filler loading. Tensile strength and tear strength increase with filler loading up to 30 phr beyond which it decreases whereas modulus increases at high filler loading. Elongation at break gradually decreases with filler loading. With filler loading hardness also gradually increases which may be due to increase in crosslink density. Compression set property gradually increases with filler loading whereas abrasion loss shows gradual decrease which may be due to increase in stiffening property. The hysteresis loss increases with increase in the filler loading, which may be due to the inelastic behaviour of the rubber matrix. The stress relaxation behavior shown by gum vulcanizates follows nearly the same trend as filled vulcanizates. Increase in tensile strength, hardness, tears strength and decrease in elongation at break, compression set is observed after ageing which may be due to post curing effect. It is concluded that 30 phr Ensaco 350G can be taken as an optimum filler loading, which exhibits better physical and mechanical properties. The dielectric relaxation spectra of the composites showed an additional relaxation in the frequency range of 10 3 to 10 5 Hz. This has been explained on the concept of formation of interphase layer between the filler and the polymer matrix. From the conductivity studies percolation limit of the conductive carbon black (Ensaco 350G) in the polymer matrix has been found to be 30 phr, which is in good agreement with the physico-mechanical results.
